BOREHOLE CALIPER TOOL 



DESCRIPTION 
[Para 1] Background of Invention 

[Para 2] Various caliper tools for gauging the diameter of a borehole are 
known in the art. In one example, a caliper tool includes one or more bow 
springs coupled to a tool body. When the tool body is disposed in a borehole, 
the bow spring engages the borehole wall. The bow spring flexes as the tool 
body traverses the borehole and the borehole diameter changes. The motion 
of the bow spring can provide an indication of the borehole diameter. In this 
case, a sensing device can be attached to the bow spring and used to monitor 
the motion of the bow spring. This is taught, for example, in U.S. Patent No. 
2,639,51 2. Some caliper tools further include one or more rigid arms coupled 
between the tool body and the bow spring. The rigid arm deflects as the bow 
spring flexes, and the motion of the rigid arm provides an indication of the 
borehole diameter. 

[Para 3] An electronic sensing device having a movable part is usually used 
to monitor the motion of the rigid arm. Typical examples of these electronic 
sensing devices include linear variable differential transformer (LVDT) and 
potentiometer sensors. An LVDT sensor includes a ferromagnetic core 
disposed within a series of inductors and produces electrical output 
proportional to the physical position of the ferromagnetic core within the 
series of inductors. A potentiometer sensor includes a slider attached to a 
resistor and produces electrical output proportional to the contact position of 
the slider on the resistor. The caliper tool uses a mechanical linkage to couple 
the movable part of the sensing device to the rigid arm so that the electrical 
output generated by the sensing device is representative of the motion, or 
deflection, of the rigid arm. 

[Para 4] The mechanical linkage is required to satisfy various requirements. 
For example, the mechanical linkage is required to fit in a small space on the 
tool body and work in the hydrostatic pressure of the borehole, which 
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frequently exceeds 20,000 psi (1 38 MPa), and in the presence of drilling mud, 
which typically contains debris. The mechanical linkage must be mechanically 
tight to avoid introducing errors in translating the position of the rigid arm to 
the sensing device. To allow attachment to the mechanical linkage, the 
movable part of the sensing device would either have to be exposed to 
borehole pressure and drilling fluid or be located in a compensator filled with 
oil at borehole pressure. 

[Para 5] As evident from conventional configurations, physically linking the 
sensing device to a rigid arm complicates the design and operation of a caliper 
tool. A caliper tool that does not require a mechanical linkage to translate 
motion of an arm to a sensing device is desired. 

[Para 6] Summary of Invention 

[Para 7] In one aspect, the invention provides a borehole caliper tool. The 
tool including a tool body; an arm coupled to the tool body, the arm being 
deflectable relative to the tool body; a cam coupled to the arm such that a 
position of the cam changes as the arm deflects; and a proximity sensor for 
sensing the position of the cam, wherein the position of the cam provides an 
indication of the deflection of the arm relative to the tool body. 

[Para 8] In another aspect, the invention provides a borehole caliper tool. 
The tool includes a tool body; an arm having a first and second end, the arm 
being coupled to the tool body at the first end to form a pivot joint; a cam 
coupled to the arm at the first end, the cam adapted to move as the arm 
moves relative to the tool body; and a proximity sensor adapted to sense the 
position of the cam, wherein the position of the cam provides an indication of 
the movement of the arm relative to the tool body. 

[Para 9] In another aspect, the invention provides a method for gauging a 
diameter of a borehole. The method includes deploying a tool body carrying 
an arm assembly in the borehole, the arm assembly comprising an arm 

extending between a surface of the borehole and the tool body and deflectable 
relative to the tool body as the diameter of the borehole changes, the arm 
having a cam coupled thereto such that a position of the cam changes as the 
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arm deflects; monitoring tine position of tine cam using a proximity sensor; and 
translating the position of the cam into the diameter of the borehole. 

[Para 1 0] Brief Description of Drawings 

[Para 1 1 ] FIG. 1 A shows a caliper tool according to one embodiment of the 
invention in a borehole. 

[Para 1 2] FIG. 1 B shows a cross-section of the caliper tool of FIG. 1 A 
according to one embodiment of the invention. 

[Para 1 3] FIG. 1 Cis a schematic diagram illustrating certain operation 
principles of one embodiment of the invention. 

[Para 14] FIG. 2 shows a relationship between cam displacement and follower 
arm angle according to one embodiment of the invention. 

[Para 1 5] FIG. 3 shows a displacement output of a non-contact DVRT sensor. 

[Para 1 6] FIG. 4 shows a caliper tool having a plurality of arm assemblies 
according to another embodiment of the invention. 

[Para 1 7] Detailed Description of Preferred Embodiments 

[Para 1 8] In the following description, numerous specific details are set forth 
in order to provide a thorough understanding of the invention. However, it will 
be apparent to one sl<illed in the art that the invention may be practiced 
without some or all of these specific details. In other instances, well-known 
features and/or process steps have not been described in great detail in order 
to avoid obscuring the invention. The features and advantages of the 
invention may be better understood with reference to the drawings and 
discussions that follow. 

[Para 1 9] FIG. 1 A shows a caliper tool 1 00 according to an embodiment of the 
invention deployed in a borehole 102. The caliper tool 100 measures and logs 
the diameter of the borehole 1 02 as it traverses the borehole 1 02. In FIG. 1 A, 
the caliper tool 100 is suspended in the borehole 102 on the end of a logging 
cable 1 04. Alternatively, the caliper tool 1 00 could form a part of a downhole 
tool (not shown) that performs other downhole operations besides gauging the 
diameter of the borehole 1 02. The caliper tool 1 00 includes an elongated tool 
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body 1 06 attached between an upper body 1 08 and a lower body 1 1 0. The 
upper body 1 08 and the lower body 1 1 0 may Include the circuitry needed to 
record caliper tool measurements and transmit the measurements to the 
surface. The tool body 1 06 carries an arm assembly 1 1 2, which expands and 
contracts as the caliper tool 1 00 traverses the borehole 1 02. The motion of 
the arm assembly 1 1 2 is tracked to determine the diameter of the borehole 
102. 

[Para 20] FIG. 1 B shows a cross-sectional view of the tool body 1 06 and the 
arm assembly 1 1 2. The arm assembly 1 1 2 includes a bow spring 1 1 4 having 
ends 116, 118 coupled to the tool body 1 06 by joints 1 20, 1 22, respectively. 
The invention is not limited by how the joints 120, 122 are implemented, but 
the Joints should allow pivoting of the bow spring ends 116, 118 relative to 
the tool body 1 06. In the illustrated embodiment, joint 1 20 is shown as a pin- 
in-hole joint, while joint 122 is shown as a pin-in-slot joint. Both the (pin-in- 
hole) joint 1 20 and the (pin-in-slot) joint 1 22 allow pivoting of the bow spring 
ends 1 1 6, 1 1 8. In addition, the (pin-in-slot) joint 1 22 allows sliding of the 
bow spring end 1 1 8 along the tool body 1 06. In this way, the bow spring 1 1 4 
can expand and contract as the tool body 1 06 and arm assembly 1 1 2 traverses 
the borehole. A pad 1 23 is attached to the middle portion of the bow spring 
1 1 4 for engaging the borehole (1 02 in FIG. 1 A) wall. The pad 1 23 provides a 
flat reference surface from which the borehole diameter can be measured. 

[Para 21 ] The arm assembly 1 1 2 further includes a rigid follower arm 1 24 
having an end 1 26 coupled to the bow spring 1 14 and an end 1 28 coupled to 
the tool body 1 06. A pad 1 30 attached to the middle portion of the bow spring 
1 1 4, opposite the pad 1 23, couples the end 1 26 of the follower arm 1 24 to the 
middle portion of the bow spring 114. The pad 1 30 includes a slot which 
cooperates with a pin on the end 1 26 of the follower arm 1 24 to form a pin- 
in-slot joint 1 32. The joint 1 32 allows the end 1 26 to both slide and pivot 
relative to the bow spring 1 1 4. The end 1 28 of the follower arm 1 24 is 
coupled to the tool body 1 06 via a joint 1 34, which preferably allows pivoting 
of the end 1 28. The end 1 28 of the follower arm 1 24 includes a cam 1 36. 
The mass of the cam 1 36 is displaced as the bow spring 1 14 flexes and the 
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follower arm 1 24 deflects. The motion of the cam 1 36 is monitored and used 
as an indication of the diameter of the borehole (102 in FIG. 1A). 

[Para 22] A proximity sensor 1 38 tracks the motion of the cam 1 36 without 
being physically linked to the cam 1 36. The proximity sensor 1 38 is installed 
in a cavity 1 40 in the tool body 1 06. The proximity sensor 1 38 includes a 
sensor end 1 42 and an electrical connector 1 44. In one embodiment, the 
sensor end 142 is exposed to the hydrostatic pressure in the borehole (1 02 in 
FIG. 1 A), while the electrical connector 144 is sealed inside the cavity 140 at 
atmospheric pressure. The seal can be made between the outer surface of the 
sensor end 1 42 and the inner surface of the cavity 1 40 as shown at 1 46. The 
electrical connector 144 is linked to the upper body (108 in FIG. 1A), which 
includes the circuitry for making caliper measurements. If the sensor end 142 
is exposed to the hydrostatic pressure in the borehole, the sensor end 142 
must be able to withstand high pressures, e.g., 9,000 psi. The sensor end 1 42 
should also be made of a material that can withstand high temperatures and 
that is resistant to corrosion. 

[Para 23] In one embodiment, the proximity sensor 1 38 is a non-contact 
differential variable reluctance transducer (DVRT), such as available from 
MicroStrain Inc., Burlington, Vermont, under the trade name Non-Contact 
DVRT®, and Kaman Aerospace Corporation, Colorado Springs. A non-contact 
DVRT sensor transmits a high frequency electromagnetic signal to determine 
the distance from a ferrous or conductive target. The Non-Contact DVRT* 
sensor from MicroStrain includes a sense and a compensation coil disposed in 
a stainless steel housing. The reluctance of the sense coil changes when a 
ferrous or highly conductive target is brought into proximity with the face of 
the sensor, while the compensation coil acts as a reference. The sense and 
compensation coils are driven by a high frequency sinewave excitation, and 
their differential reluctance is measured using a sensitive demodulator. 

[Para 24] When the proximity sensor 1 38 is a non-contact DVRT such as 
described above, the cam 1 36 should be formed of a conductive or magnetic 
material. Thus, as the follower arm 1 24 deflects due to expansion and 
contraction of the bow spring 1 1 4, the cam 1 36 rotates and reluctance of the 
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proximity sensor 1 38 clianges in response to tlie moving mass of tPie cam 
1 36. The sensitivity of tlie non-contact DVRT sensor is unaffected by non- 
ferrous, non-conductive materials interposed between the sensor face and the 
cam. However, because the non-contact DVRT sensor will be used in the 
presence of (salty) water, which is conductive, the cam 1 36 is preferably made 
of a very high conductivity or very high conductivity and (magnetic) 
permeability material in order to minimize the effect of the salty water. With a 
conductivity over 4 orders of magnitude greater than the saltiest water, 316 
Stainless steel is an example of a material that is suitable for use as cam 
material. Once the cam material is selected, the output sensitivity of the non- 
contact DVRT sensor can be tuned for the selected cam material. 

[Para 25] FIG. 1 C shows the follower arm 1 24 including the cam 1 36 and the 
proximity sensor 1 38 positioned proximate but not physically linked to the 
cam 1 36. As the follower arm 1 24 deflects away from the tool body 1 06, the 
angle, a, between the follower arm 1 24 and the tool body 1 06 increases, and 
the mass of the cam 1 36 moves away from the proximity sensor 1 38. As the 
follower arm 1 24 deflects towards the tool body 1 06, the angle, (x, between 
the follower arm 1 24 and tool body 1 06 decreases, and the mass of the cam 
1 36 moves towards the proximity sensor 1 38. The proximity sensor 1 38 
measures the distance, d, between the cam 1 36 surface and the proximity 
sensor 1 38 as the mass of the cam 1 36 is displaced. FIG. 2 shows a 
relationship between the cam displacement (d) and the follower arm angle ((x) 
for the cam shape shown in FIG. 1 G. Returning to FIG. 1 G, the borehole 
diameter is a sum of the lengths d1 , d2, and d3. Lengths d1 and d3 are fixed 
while length d2 changes. In operation, the cam displacement (d) is measured 
using the proximity sensor 1 38. Then a relationship such as shown in FIG. 2 is 
used to determine the follower arm angle ((x). The follower arm angle ((x) 
together with the length of the follower arm 1 24 can be used to determine 
length d2. 

[Para 26] In one embodiment, a caliper measurement error less or equal to ± 
0.1 in. (2.54 mm) is desired. For this error limit, the follower arm angle ((x) 
should be known within ± 0.33^ For the relationship shown in FIG. 2, this 
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corresponds to measuring the cam displacement (d) witPiin ± 1 2.7 \xm. To 
acliieve tPiis cam displacement accuracy, the mechanical slop in the follower 
arm and cam relative to the proximity sensor is preferably less than 5.1 fim. 
The inventors have verified the manufacturer's claim that the Non-Contact 
DVRT® sensor is capable of measuring 0.25 ^m movement of a metal target at 
distances up to 2.5 mm from the face of the sensor. The displacement signal 
output from the Non-Contact DVRT® sensor is shown in FIG. 3. A polynomial 
curve fit to the non-linear response yields the desired accuracy. It will be 
understood by those skilled in the art that the invention is not limited to this 
particular non-contact DVRT sensor. The invention is also not limited to the 
cam shape shown in FIG. IC. The cam shape can be modified from that shown 
in FIG. 1 C to provide a larger range of displacement or to increase the output 
sensitivity of the sensor. 

[Para 27] In the embodiment shown in FIG. 1 A, a single caliper arm assembly 
1 1 2 is coupled to the tool body 1 06. Thus, the tool body 1 06 and the arm 
assembly 1 1 2 make contact with the borehole 1 02 wall, and the diameter of 
the borehole 1 02 is the distance from the outer edge of the arm assembly 1 1 2 
to the outer edge of the tool body 106. In alternate embodiments, as shown in 
FIG. 4, a plurality of arm assemblies 1 1 2 may be coupled to the tool body 1 06. 
The arm assemblies 1 1 2 may be distributed about the diameter of the tool 
body 1 06 such that the tool body 1 06 is centered within the borehole 1 02 
while the diameter measurements are being made. A proximity sensor (not 
shown) would be provided to track the motion of each cam (not shown) 
coupled to each follower arm 1 24 included in the arm assemblies 1 1 2 as 
previously described. Each proximity sensor would enable measurement of 
the distance from the center of the tool body 1 06 to the surface of the 
borehole 102, and the results can be integrated to determine the overall 
diameter of the borehole 1 02. The proximity sensor is not limited to a non- 
contact DVRT sensor. Other proximity sensors capable of operating in a 
borehole environment can also be used. 

[Para 28] While the invention has been described with respect to a limited 
number of embodiments, those skilled in the art, having benefit of this 
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disclosure, will appreciate that other embodiments can be devised which do 
not depart from the scope of the invention as disclosed herein. For the 
purposes of this specification it will be clearly understood that the word 
"comprising" means "including but not limited to", and that the word 
"comprises" has a corresponding meaning. 
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